A most promising off-lattice technique in order to simulate not only static but in addition dynamic behavior of linear and star-branched chains is the dissipative particle dynamics ͑DPD͒ method. In this model the atomistic representation of polymer molecules is replaced by a ͑coarse-grained͒ equivalent chain consisting of beads which are repulsive for each other in order to mimic the excluded volume effect ͑successive beads in addition are linked by springs͒. Likewise solvent molecules are combined to beads which in turn are repulsive for each other as well as for the polymer segments. The system is relaxed by molecular dynamics solving Newton's laws under the influence of short ranged conservative forces ͑i.e., repulsion between nonbonded beads and a proper balance of repulsion and attraction between bonded segments͒ and dissipative forces due to friction between particles, the latter representing the thermostat in conjunction with proper random forces. A variation of the strength of the repulsion between different types of beads allows the simulation of any desired thermodynamic situation. Static and dynamic properties of isolated linear and star-branched chains embedded in athermal, exothermal, and endothermal solvent are presented and theta conditions are examined. The generally accepted scaling concept for athermal systems is fairly well reproduced by linear and star-branched DPD chains and theta conditions appear for a unique parameter independent of functionality as in the case of Monte Carlo simulations. Furthermore, the correspondence between DPD and Monte Carlo data referring to the shape of chains and stars is fairly well, too. For dilute solutions the Zimm behavior is expected for dynamic properties which is indeed realized in DPD systems.
I. INTRODUCTION
In general, characteristic properties of polymer molecules fluctuate around mean values due to continuous changes in shape and size, which may be a examined by use of simulation methods, [1] [2] [3] [4] [5] i.e., by molecular dynamics ͑MD͒ or Monte Carlo ͑MC͒ calculations, in a highly efficient manner. Depending on the method chosen, atomistic details are more or less perfectly considered or almost ignored. 6 Approximations are minimal in quantum mechanical calculations from first principles. These methods become enormously exhaustive for a larger number of atoms and thus are restricted to rather small systems only. Larger systems of size ͑5-10 nm͒ 3 over a time interval of several nanoseconds may be simulated by use of atomistic molecular dynamics ͑AMD͒ based on proper force fields. 7 However, for polymer systems, length scales of structural properties ͑size of a bond Ӷ size of coils͒ as well as time scales of dynamic properties are spread over several orders of magnitude.
1 Therefore, further simplifications of the models are necessary. One route is to replace groups of atoms ͑for example, CH 3 -, CH 2 -, etc., or still larger units such as a monomer͒ by a single unit ͑united atoms model͒ and another is to combine groups of monomers to single segments ͑coarse-grained chains͒. The former treatment allows for quasiatomistic simulations 8 by applying proper potentials ͑between units instead of atoms as in the case of AMD͒. The latter typically leads to mesoscale simulations applying more simple potentials characterizing the principal behavior of interactions between chain segments only. 9 This procedure makes sense because chain molecules have a very large number of internal degrees of freedom. Thus, a practically infinite number of possible configurations make the details of interaction of minor importance for general properties. Furthermore, the chain length ͑here the number of segments of the model chain͒ still serves as an independent parameter which allows the calculation of a wide range of universal features depending on this parameter.
As long as static properties of linear chains are of interest only, lattice based MC techniques are preferred which explore the phase space in an extremely efficient stochastic way, thus yielding ensemble averages from a ͑large͒ number of randomly taken snapshots of the system. In case of starbranched polymers the segment density near the center of the star is larger the larger the number of arms is; in the tetrahedral lattice, e.g., up to 12 arms may be connected to a central core consisting of a central lattice point and its four neighbors; 10 the innermost 1+4+12=17 segments, however, are fixed in space and cannot be relaxed by the usual methods. 11 Thus, simulations of star-branched chains based on simple lattice models only make sense in the high dilution limit where either properties of single molecules are calcu-lated ͑infinite dilution͒ or the limiting ͑linear͒ concentration dependence of characteristic properties are evaluated from pairs of molecules placed in all possible relative distances ͑and orientations͒.
For multichain simulations, however, movement of the core is absolutely necessary. This may be a reason that properties of single stars are relatively well investigated, e.g., see Refs. 12-22 and the impressively long list of references in Freire's review 23 and in our feature article, 11 while the concentration dependence of properties of branched ͑homo͒polymers is less explored. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] However, mobility of the center is also necessary for single star-branched chains if dynamic properties such as diffusion coefficients are of interest in addition to static properties such as size and shape of the molecules. In order to mobilize the core of the star the so-called bond fluctuation model [33] [34] [35] ͑or some other high coordination lattice 25 ͒ may be used. An appropriate method for the simulation of polymer melts ͑including branched polymers͒ is the cooperative motion algorithm of Pakula et al. 26 Another route for the simulation of melts is studies with soft potentials which allow for double occupancies of lattice positions. 36, 37 For the simulation of the dynamics of polymers in solution multiparticlecollision dynamics 38 may be combined 39 with MD, a method which also has been used for the simulation of star-branched chains. 40 The dissipative particle dynamics ͑DPD͒ simulation technique 41 -being capable of giving semiquantitative predictions for specific monomer/solvent interactions 42 -is most promising for any type of mesoscale simulations but scarcely [43] [44] [45] [46] [47] applied so far to star-branched polymers. By use of this latter method ͑which is suitable for the total range of concentrations from a single solute molecule up to a solvent free melt͒, in the present paper static as well as dynamic properties of highly diluted star-branched polymers are investigated: First, scaling laws of global properties in athermal ͑good͒ solvent are discussed in dependence on chain length and degree of branching. Second, pseudoideal ͑theta͒ conditions are determined for the DPD model. Third, so called g-factors for athermal and theta conditions are given and compared to theoretical predictions. Fourth, quantities characteristic of the instantaneous shape of linear chains and stars are discussed as functions of the thermodynamic quality of the solvent and compared to MC results. Last, the diffusion coefficient of DPD coils is studied in some detail.
II. COMPUTATIONAL METHOD
DPD ͑Refs. 41 and 42͒ smoothly covers the range from several nanometers up to the mesoscale region. In this model the atomistic representation of the polymer molecules is replaced by a ͑coarse-grained͒ equivalent chain. Monomers as well as solvent molecules are combined to beads which are repulsive for each other in order to mimic the excluded volume effect. In addition, successive beads within polymer molecules are linked together by use of springs. Thus, polymer chains evolve in a bath of single beads, which act as the solvent. The explicit treatment of the solvent and the preservation of Galilean invariance due to a proper combination of random and friction forces in strictly pairwise interaction ͑see below͒ give rise to momentum transport within the fluid and thus allow for correct hydrodynamic interaction. 48 Furthermore, a variation of the strength of the repulsion between different types of beads allows the simulation of any desired thermodynamic situation.
The algorithm adopted closely follows the original one, see Ref. 42 , i.e., the system is relaxed by MD solving Newton's laws in dimensionless representation,
assuming equal mass M for all beads with position
͑in multiples of the cutoff radius r c ͒ and reduced velocity
under the influence of the ͑accordingly reduced͒ force
consisting of ͑short ranged͒ conservative forces, i.e., repulsion between nonbonded beads and a proper balance of repulsion and attraction between bonded segments,
dissipative forces ͑due to friction between particles͒
and random forces ͑representing the thermostat together with the latter one͒
with ij the Gaussian distributed random number and ⌬t the ͑reduced͒ time step. The simulation is performed by use of a slightly modified Verlet velocity algorithm within a simulation box with periodic boundaries in all directions. As already stated, parameters a ij ͑giving the strength of repulsion in units of k B T with k B being Boltzmann's constant and T representing absolute temperature͒ are dependent on the type of beads i and j, respectively, and read as a PP if both beads belong to a polymer chain, a PS = a SP if one bead is a polymer segment and the other a solvent, and a SS for the interaction between two solvent beads. Simulation param-eters have been chosen according to Ref. 42 , i.e., ⌬t = 0.04, ␥ = 4.5, total particle density =3, a PP = a SS = 25, and b =4. While a PP = a SS are fixed, a PS = a SP are varied in order to mimic different solvent conditions, the case a PS = a PP referring to athermal conditions, a PS Ͻ a PP being characteristic for an exothermal solution, and a PS Ͼ a PP for an endothermal one.
Depending on the average size of the solute, the edge lengths of the simulation box was chosen in the range from 10 to 90 ͑approximately five times the average radius of the solute in order to avoid interaction of periodic images 49, 50 ͒ for star-branched chains having F =2 ͑linear͒ to F = 12 arms, with m =2 to m = 256 beads per arm, yielding a total number of segments N = mF + 1 up to a rather large value N = 3073. Results are based on 400 000 to 800 000 samples applying five time steps between two sampled systems corresponding to a total simulation time of ͑80-160͒ ϫ 10 3 t c . Error bars are obtained by the block averaging method 51 and are omitted in the diagrams if smaller than the symbol size as well as in case of extrapolated data.
III. RESULTS AND DISCUSSION

A. Athermal systems
For ideal chains and stars ͑unperturbed random walks͒ mean square dimensions ͗x 2 ͘ increase proportionally to the total number of bonds n = N − 1. Examples for x 2 , calculated in the present paper, are the squared radius of gyration, s 2 , i.e., the mean of squared distances of beads from their common center of gravity, the squared end-to-end distance, h 2 , and the squared center-to-end distance, r 2 , the latter two actually being averages of F͑F -1͒ / 2 and F, respectively, squared distances.
For nonideal systems, ͗x 2 ͘ should exhibit a scaling behavior ͗x 2 ͘ϳn 2 again with ideal scaling 2 = 1 in case of pseudoideal ͑theta͒ conditions. Above theta conditions an exponent characteristic of good solvent conditions, 2 = 1.176, should be found while below theta conditions a collapse into a condensed state should occur yielding an exponent 2 =2/ 3. In the limit of infinitely long polymers a sharp transition between states should occur at the theta point. However, for finite chain length a smooth variation of the exponent 2 on solvent condition is expected. For athermal conditions MC simulations of rather large linear and star-branched athermal chains confirm not only 2 = 1.176 but also the type of short-chain correction as provided by renormalization group theory,
with ⌬ = 0.478Ϸ 1 / 2. For ͑rather short͒ linear DPD chains exponents ranging from 1.04 to 1.16 are reported for athermal conditions. [53] [54] [55] [56] [57] [58] This nearly "ideal" scaling in some cases was attributed to a certain violation of the excluded volume condition due to possibly unphysical crossing of bonds ͑springs͒ during relaxation. Studies of the behavior of catenalike ring shaped DPD chains gave some evidence that such forbidden crossings actually occur. 56 In Fig. 1 log-log plots of ͗s 2 ͘, ͗h 2 ͘, and ͗r 2 ͘ versus n are shown. For larger chain lengths the data are fairly well located on straight lines while for smaller chain lengths curvature toward larger values appears. Restricting linear regression to m Ն 24 and n Ն 64, i.e., a minimum arm length of 24 for stars and 32 for F = 2 results in slopes between 1.15 and 1.18. However, fitting ͗x 2 ͘ / n 1.176 versus n −1/2 to straight lines yields parameters A x and B x of Eq. ͑10͒ ͑given in Table I͒ which fairly well FIG. 1. Log-log plots of ͑a͒ mean square radius of gyration, ͑b͒ mean square end-to-end distance, and ͑c͒ mean square center-to-end distance vs total number of bonds n of linear chains ͑circles͒ and stars with F =3 ͑triangles͒, F =4 ͑inverted triangles͒, F =8 ͑squares͒ and F =12 ͑diamonds͒ arms. Athermal conditions ͑a PS =25͒. Straight lines result from linear regression ͑m Ն 24 and n Ն 64͒; slopes for F =2-12 read as ͑a͒ 1.181, 1.177, 1.153, 1.178, and 1.162, ͑b͒ 1.191, 1.194, 1.153, 1.196, and 1.173, and ͑c͒ 1.177, 1.188, 1.163, 1.189, and 1.172. Broken lines calculated by Eq. ͑10͒ using data given in Table I . 
would be possible too, as occasionally suggested for linear DPD chains. 57, 59 Nevertheless it may be concluded from our results that the generally accepted scaling concept for athermal systems is fairly well reproduced by linear and star-branched DPD chains. 53 as well as Kong et al., 54 the latter applying a PS values in the range 17.5-32.5, expected theta behavior near athermal conditions; a reliable theta value, however, is not available so far to our best knowledge. Thus, we calculated the chain length dependence of ͗s 2 ͘, ͗h 2 ͘, and ͗r 2 ͘ of linear and star-branched chains in the a PS range suggested by Kong et al. in order to obtain the DPD theta parameter. First, we extracted the theta parameter directly from the dependence of 2 on a PS ͑taking 2 from the slopes of linear regressions of data points log͗x 2 ͘ versus log n͒ shown in Fig.  2 . For a PS Ͻ 25 ͑exothermal conditions͒ exponents slightly increase with decreasing a PS while for a PS Ͼ 25 ͑endothermal conditions͒ the exponents rapidly decrease, take a value of 1 at a PS Ϸ 27.2 for all functionalities and squared distances evaluated, and then further decrease until a PS = 30 reaching values roughly corresponding to collapsed chains ͑character-ized by 2 =2/ 3͒. Although not relevant for the determination of the theta parameter it should be mentioned that loglog plots of mean square dimensions versus chain lengths for a PS Ն 30 show a slight curvature ͑the slope increasing with increasing chain length͒ which is more pronounced the smaller the number of arms is. Obviously, chain collapse is easier for longer linear chains than for shorter ones for geometrical reasons while already symmetric 12-arm stars are compressed into more or less perfect coils at even comparably short lengths. Thus, based on an average slope in the range of chain lengths evaluated ͑the maximum chain length increasing with increasing number of arms͒, for F = 12 the exponent ͑Ϸ0.6͒ is already near the expected value of 2/3 while still smaller values are found for stars with a fewer number of arms and for linear chains.
B. Theta systems
In Table II theta parameters for F = 2 to 12 for ͗s 2 ͘, ͗h 2 ͘, and ͗r 2 ͘ are given, obtained from the intersection of the linear interpolation curves and the ͑broken͒ horizontal line with the intercept one, shown in Fig. 2 , together with interpolated values of prefactors ͑proportionality constants between ͗x 2 ͘ and n͒. These results are corroborated by a second analysis based on the fact that ratios ͗x 2 ͘ / n or ͗x 2 ͘ / m should be independent of n and m, respectively, for theta conditions ͑ig-noring logarithmic correction terms postulated for theta conditions͒. Thus, ͗x 2 ͘ / n as functions of a PS for constant values of n should intersect in a single point characterizing the theta parameter. The method is demonstrated in Fig. 3 for an arbitrary system ͑F =8, ͗r 2 ͒͘ and all results are summarized in Table III . The values actually are averages of all possible crossing points, abscissas referring to a PS, and ordinates are estimates of prefactors A x, of scaling laws ͗x 2 ͘ = A x, n.
FIG. 2.
Scaling exponents for ͑a͒ mean square radius of gyration, ͑b͒ mean square end-to-end distance, and ͑c͒ mean square center-to-end distance as functions of the polymer-solvent parameter a PS . Symbols as in Fig. 1 ; the gray line is a guide to the eye only. The a PS, values range from 27.00 to 27.30 and slightly increase from ͗s 2 ͘ over ͗h 2 ͘ to ͗r 2 ͘; however, as already stated above, no systematic dependence of a PS on F is found in full accordance with MC models which-based on implicit solvent-also result in a unique theta value for linear chains and stars.
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C. Size of DPD stars and chains
A quantity common in use to compare the size of starbranched polymers with the size of linear chains is the ratio of mean square radii of gyration of stars and linear chains with equal number of segments, g = ͗s 2 ͘ F / ͗s 2 ͘ F=2 . According to scaling arguments of Daoud and Cotton 60 and Birshtein and Zhulina, 61 star-shaped polymers may be divided into three parts, ͑a͒ a central core of constant density, ͑b͒ an intermediate part exhibiting bulk behavior, and ͑c͒ an outside shell where the branches are more or less independent, thus exhibiting behavior of isolated chains. The model ͓strictly speaking part ͑c͒ of the model͔ results in the scaling law
and thus
For athermal systems, Eq. ͑12͒ is in good accordance with experimental and simulation data. 11, 24, 62 Interestingly, at least for a small number of arms, g-values of athermal stars 11, 23, 24 also fairly well coincide with
developed by Zimm and Stockmayer for random walk stars. 63 As pseudoideal behavior results from compensation, for theta systems coils are expanded as compared to random walks, the expansion increasing with increasing functionality. 11, 61, 64 Thus, g-values of theta stars are larger than those of random walk stars ͓Eq. ͑13͔͒ and scale like F −0.7 , see Refs. 11, 24, 65, and 66, instead of F −0.5 as predicted by Eq. ͑12͒. In Fig. 4 g-values of DPD stars ͑calcu-lated from the prefactors of scaling laws, A s and A s, , respectively͒ are depicted together with MC results in a conventional plot ͓Fig. 4͑a͔͒ and a log-log plot ͓Fig. 4͑b͔͒. In Fig. 4͑a͒ the prediction for random walks ͓Eq. ͑13͔͒ is shown for comparison. The correspondence between DPD and MC data is fairly well for athermal and reasonable for theta conditions. In addition, g-values for a system near theta conditions ͑a PS = 27.25͒ are shown to be in good agreement with MC results. Scaling exponents extracted from Fig. 4͑b͒ read as Ϫ0.82 ͑athermal DPD stars͒ and Ϫ0.64 ͑theta DPD stars͒, the former value roughly in correspondence with theory ͑−0.764Ϸ −0.8͒ and the latter one again slightly more negative than Ϫ0.50, in accordance with MC results. For rather large values of a PS Ն 30.0, g Ϸ 1 throughout, again demonstrating collapse in this region of parameters 67 ͑not shown͒.
D. Shape of DPD stars and chains
Based on the concept of "equivalent ellipsoids" introduced by Šolc and Stockmayer 68, 69 by calculating the orthogonal components L i 2 ͑which by definition are chosen as
+ L 3 2 taken along the principal axes of inertia, several quantities characteristic of the instantaneous shape of the coil may be deduced. 70 In order to compare configurations of different sizes it is advantageous to use reduced components ͑shape factors͒,
which in turn define an asphericity parameter,
ranging from 0 ͑perfect symmetry, i.e., a sphere͒ to 1 ͑rodlike chain͒. In Fig. 5 shape factors ͑extrapolated to n → ϱ͒ are given as functions of parameters a PS . For comparison MC results for athermal and theta systems are given in addition. An analogous diagram for the asphericity parameter is shown in Fig. 6 . In accordance with MC data athermal stars are slightly more symmetric than theta stars, as the arms of the star have to avoid each other due to the excluded volume, an effect which is slightly diminished in endothermal environment due to less repulsive interaction between polymer segments as compared to solvent beads. For large values of a PS shape factors approach the value of 1/3 ͑characteristic of a sphere͒ again compatible with chain collapse, although only the intermediate shape factor actually reaches the limiting value 1/3, and ␦ ‫ء‬ is still slightly larger than zero.
E. Mobility of DPD stars and chains
The discussion above clearly shows that the behavior of DPD chains and stars is in full accordance with other simulation results, at least concerning static properties. However, the major drawback of MC simulations ͑at least for highly diluted systems͒ is that ͑at best͒ the Rouse behavior 71 may be expected for MC dynamics simulations for lack of hydrodynamic interaction between the solvent and solute.
1 The Rouse behavior is reasonable in more concentrated solutions and bulk ͑at least for short chains͒ but definitely in contradiction to experimental results in the limit of high dilution where the diffusion coefficient scales according to Zimm. 72 Contrary to MC approaches, in DPD the solvent is explicitly available and the interplay of random forces and friction results in a correct treatment of hydrodynamic interaction. Furthermore, the time scale is large enough to allow a direct calculation of the diffusion coefficient D from the time evolution of mean square displacements, thus avoiding the use of further approximations, e.g., correspondence between diffusion coefficient and hydrodynamic radius provided by Kirkwood and Riseman. 73 D may be extracted from the limiting slope from a plot of the mean square displacement ͑msd͒ of the center of gravity of the molecules versus time,
where msd = ͉͗r cog ͑t͒ − r cog ͑0͉͒ 2 ͘ ͑ 17͒
and r cog ͑t͒ is the position of the center of gravity at a particular time. 74 In Fig. 7 log-log plots of the diffusion coefficient versus n of a single 12-arm star in athermal solvent, theta solvent, and in a solvent of still worse quality are shown. Data points are located on straight lines with slopes ͑calculated by linear regression͒ reading as Ϫ0.61 ͑athermal system͒, Ϫ0.48 ͑theta system͒, and Ϫ0.31 ͑collapsed region͒. Thus, actually the power law D ϳ n − is fairly well satisfied, with exponents being approximately equal to the expected values ͑Ϫ0.588, Ϫ0.5, and Ϫ1/3͒. It should be noted that simulations on linear chains 49, 58 revealed a certain dependence of D on the size of the box. Dünweg and Kremer suggested a correction function proportional to the box length in multiples of the radius of gyration. 75 In the present case such a correction function actually degenerates into a constant as the box lengths have been chosen to be Ϸ5͗s 2 ͘ 1/2 as stated in Sec. II. Admittedly, the value of the constant is unknown, but it leaves the exponent unchanged.
In Fig. 8 log-log plots of the translational diffusion time D = ͗s 2 ͘ / D ͑characterizing the time necessary in order to reach a squared distance comparable to the size of the coil͒ versus n are shown for athermal and theta systems at constant F. Starting with Eq. ͑11͒ for ͗s 2 ͘ and the predictions D ϳ n −1 ͑Rouse͒ and D ϳ͗s 2 ͘ −1/2 ͑Zimm͒, respectively, the following scaling laws should be valid:
ͮ ͑18͒
The slopes in Fig. 8 
IV. CONCLUSIONS
Since global properties of dynamic nature evolve very slowly in polymeric systems, large time scales have to be covered by computer simulations in order to gain realistic values for, e.g., the diffusion coefficient in a direct fashion by analyzing the msd. At present, this goal can be reached by coarse-grained techniques using larger time steps and less particles by treating several single molecules as one "bead". Due to the fact that modes of motion contributing to overall displacement occur at different but not well separated time scales, the degree of coarse graining has to be chosen in a way that still ensures a correct treatment of hydrodynamics. It has been shown in the present paper that a method well adapted to these demands is DPD. In this mesoscopic MD technique, a polymer chain is treated as a freely jointed equivalent chain consisting of several purely repulsive beads, linked together by springs. Various types of polymers including star-branched chains ͑investigated here͒ can be easily implemented in this way. Such a chain evolves in a bath of single beads, which act as a solvent. Their explicit treatment and the preservation of Galilean invariance give rise to momentum transport within the fluid and thus allow for correct hydrodynamic interaction. In addition, static properties such as size and shape of the solute are accessible as well and in full accordance with results of other simulation techniques. Furthermore, at least in principle, a transformation of experimentally obtained Flory-Huggins parameters characteristic for specific polymers into simulation parameters should be possible, 42 as well as the backtransformation of the simulation results into the atomistic picture. This latter point, however, is deferred to further investigations.
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